Soil organic carbon (SOC) generates several ecosystem services (ES), including a regulating service by sequestering carbon (C) as SOC. This ES can be valued based on the avoided social cost of carbon (SC-CO 2
Introduction
Economic valuation of soil organic carbon (SOC) is important for achieving the United Nations (UN) Sustainable Development Goals (SDGs) especially SDG 13: "Take urgent action to combat climate change and its impacts" [1] . The ecosystem services (ES) framework is often used in connection with UN SDGs because it is focused on the economic valuation of benefits people obtain from nature [2] . The ES framework includes four general categories of services: provisioning, regulating, cultural, and supporting services [2] . Soil organic carbon is included in the list of soil properties important for ecosystem services [3] . Soil organic carbon is derived from living matter and tends to be concentrated in the topsoil (Table 1 ). In a well-aerated soil, all of the organic compounds found in plant residue are subject to enzymatic oxidation, and this reaction is accompanied by oxygen consumption and CO 2 release [4] .
Soil organic carbon is a fraction of soil organic matter (SOM) ( Table 1 ). Soil databases provide SOM (%) and/or SOC (%) in their reports listed in the tables of soil physical properties. Soil organic matter contributes to numerous soil functions (e.g., nutrient and energy reserve, etc.), which are linked to ecosystem goods and services (e.g., nutrient storage and availability, etc.) [5] . The role of SOM in delivering these ecosystem goods and services varies with scales from local (e.g., fertility maintenance) to global (e.g., mitigation of carbon emissions) [5] . Table 1 . Soil organic matter (SOM), soil organic carbon (SOC), and carbon sequestration pathways.
Soil Organic Matter (SOM) Soil Organic Carbon (SOC)
-Fresh residue, decomposing organic matter, stable organic matter (humus), and living organisms. or -"Continuum of organic material in all stages of transformation and decomposition or stabilization [6] ." -Carbon fraction of soil organic matter.
Conversion (using Van Bemmelen factor of 0.58 or 1.724): SOM (%) = SOC (%) × 1.724 or SOC (%) = SOM (%) × 0.58 [7] Pathways to increased soil carbon sequestration: Additions of organic matter (e.g., compost additions, etc.); land/agricultural management (e.g., no-till operations, land conservation, etc.); afforestation, etc.
Mitigation of carbon emissions requires human societies to examine the natural and human-derived stocks and flows of SOC in the biosphere-pedosphere-atmosphere exchange system using a combined social-ecological system-based analysis [8] (Table 2) . A set of connected processes ("flows") and quantities of resources ("stocks") form a "system" [8] . Soil organic matter stocks are quantifiable amounts defined in a spatial context (e.g., kg m −2 ) [8] . Flows into or from these stocks are fluxes (e.g., the concentration of carbon dioxide (CO 2 ) sequestered or released in parts per million per meter squared per year) [8] . There is an on-going effort to provide an economic value for SOC, which can be a challenging task because SOC provides a wide range of ecosystem goods and services. Economic valuation of carbon sequestration or release via CO 2 is of particular interest because it involves the atmosphere, which is a common-pool resource ( Table 2 ) [9] . Carbon sequestration or release via CO 2 is a complex process in the biosphere-pedosphere-atmosphere exchange system, which involves various types of ownership, market information, and degree of market information availability ( Table 2 ) [9] . Mixed ownership (e.g., government, private, etc.) commoditized organic matter from the biosphere and soil organic matter from the pedosphere in the market, but CO 2 emissions to the atmosphere (a common-pool resource) resulting from soil disturbance (e.g., cultivation) have unidentified market value, which creates "non-capturable" outcomes (externalities) for a society [9] . According to Groshans et al., 2019 [9] , the unidentified market value of SOC based on the avoided social cost of carbon emissions "can either have a positive effect (a socially optimal amount should be greater than the current amount) or a negative effect (the socially optimal amount should be less than the current amount) on the costs of climate control after a price of SOC is identified." Table 2 . Biosphere-pedosphere-atmosphere ecosystem services exchange, stocks, goods, flows (represented by arrows), and ownership in relation to soil organic matter (SOM) and soil organic carbon (SOC) (adapted from Groshans et al., 2019 [9] ). Common-pool resource
Market information
Partially identified market value (e.g., market value of compost, etc.)
Partially identified market value (e.g., avoided social cost of carbon emissions, etc.)
Unidentified market value

Positive effect
Negative effect (socially optimal amount should be greater than the current amount) (socially optimal amount should be less that the current amount)
Market information availability
Partial market information Partial market information Little or no market information
Although the CO2 emissions are considered "non-capturable" outcomes (externalities) if they are already emitted into the atmosphere, this study proposes to monetize the potential CO2 emissions from soils based on SOC values reported in soil survey databases. This information could also be determined for more detailed spatial scales through direct and remotely acquired carbon data as needed. One useful approach for estimating an economic value for SOC is based on the social cost of carbon (SC-CO2) and avoided emissions associated with sequestration of organic carbon in soils [9] . The U.S. Environmental Protection Agency (EPA) has derived a value of $42 per metric ton of CO2 for the SC-CO2 in the U.S., which is applicable for the year 2020 based on 2007 U.S. dollars and an average discount rate of 3% [10] . Although this assigned value for the SC-CO2 is intended to be a comprehensive estimate of climate change damages, it is likely an underestimate of the true damages and cost of CO2 emissions [9, 10] .
The objective of this study was to assess the value of SOC in the contiguous U.S. using the social cost of carbon (SC-CO2) and avoided emissions provided by carbon sequestration. This study provides the monetary values of SOC by soil depth (0-20, 20-100, 100-200 cm) across the contiguous U.S. and by considering different spatial aggregation levels (i.e., state, region, land resource region (LRR)) using information previously reported by Guo et al. (2006) [11] , who estimated the inventory of SOC for the conterminous U.S. using the State Soil Geographic (STATSGO).
Although the CO 2 emissions are considered "non-capturable" outcomes (externalities) if they are already emitted into the atmosphere, this study proposes to monetize the potential CO 2 emissions from soils based on SOC values reported in soil survey databases. This information could also be determined for more detailed spatial scales through direct and remotely acquired carbon data as needed. One useful approach for estimating an economic value for SOC is based on the social cost of carbon (SC-CO 2 ) and avoided emissions associated with sequestration of organic carbon in soils [9] . The U.S. Environmental Protection Agency (EPA) has derived a value of $42 per metric ton of CO 2 for the SC-CO 2 in the U.S., which is applicable for the year 2020 based on 2007 U.S. dollars and an average discount rate of 3% [10] . Although this assigned value for the SC-CO 2 is intended to be a comprehensive estimate of climate change damages, it is likely an underestimate of the true damages and cost of CO 2 emissions [9, 10] .
The objective of this study was to assess the value of SOC in the contiguous U.S. using the social cost of carbon (SC-CO 2 ) and avoided emissions provided by carbon sequestration. This study provides the monetary values of SOC by soil depth (0-20, 20-100, 100-200 cm) across the contiguous U.S. and by considering different spatial aggregation levels (i.e., state, region, land resource region (LRR)) using information previously reported by Guo et al. (2006) [11] , who estimated the inventory of SOC for the conterminous U.S. using the State Soil Geographic (STATSGO).
Materials and Methods
The Accounting Framework
This study used both biophysical (science-based) and administrative (boundary-based) accounts to calculate monetary values for SOC (Table 3) . 
Monetary Valuation Approach
For the contiguous U.S., the estimated values for the minimum, midpoint, and maximum total SOC storage (in Mg or metric tons) and content (in kg m −2 ) for all soils by depth (0-20, 20-100, 100-200 cm), state, region, and land resource region (LRR) were obtained from Guo et al. [11] . Soil organic carbon storage and content numbers were then converted to U.S. dollars and dollars per square meter in Microsoft Excel using the following equations, with a social cost of carbon of $42/Mg CO 2 : [11] reported midpoint SOC storage and content numbers of 2944 × 10 6 Mg and 20.5 kg·m −2 , respectively. Using these two numbers together with a conversion factor for SOC to CO 2 and the EPA dollar value for the SC-CO 2 results in a total SOC value of $4.53 × 10 11 (about $0.45T or 0.45 trillion U.S. dollars) and an area-normalized SOC value of $3.16 m −2 , respectively.
Results
Soil organic carbon (SOC) in the contiguous U.S., that either formed naturally (e.g., decomposition of plant and animal remnants etc.) or anthropogenically (e.g., compost additions etc.) in the soil can be monetarily valued based on the avoided social cost of carbon (SC-CO 2 ) from the long-term damage as a result of the emission of a metric ton of carbon dioxide (CO 2 ). The estimated values (minimum, mid-value, and maximum) associated with SOC in the contiguous U.S. vary by soil order, depth, land resource regions (LRR), state, and region. The total SOC storage value in the contiguous U.S. is between $4.64T (i.e., $4.64 trillion U.S. dollars, where T = trillion = 10 12 ) and $23.1T, with a midpoint value of $12.7T. Normalized by area across the entire contiguous U.S., the SOC content value is between $0.63 m −2 and $3.14 m −2 , with a midpoint value of $1.72 m −2 . 
Value of SOC by Soil Order
The soil orders with the highest total SOC storage value were: 1) Mollisols ($4.21T), 2) Histosols ($2.31T), and 3) Alfisols ($1.48T) ( Table 4 ). The value of SOC based on area density within soil order boundaries were ranked: 1) Histosols ($21.58 m −2 ), 2) Vertisols ($2.26 m −2 ), and 3) Mollisols ($2.08 m −2 ). The soil orders with the highest values of SOC storage and area-density were found to be either slightly (e.g., Histosols, etc.) or intermediately weathered soils (e.g., Mollisols, etc.) ( Table 4 ). 
Value of SOC by Soil Depth in the Contiguous U.S.
The depth with the highest mid-point value of SOC storage was the interval 20-100 cm ($6.18T), while the depth with the highest mid-point value of SOC area-density was in the same interval 20-100 cm ($0.84 m −2 ) ( Table 5 ). The interval 100-200 cm had the lowest mid-point SOC storage ($2.88T) and lowest area-density ($0.39 m −2 ) mid-point value. Land Resource Regions (LRRs) are defined by the U.S. Department of Agriculture (USDA) using major land resource area (MLRA) and agricultural markets, which are denoted using capital letters (e.g., A, B, C, etc.; see Table 6 
Discussion
Sustainable SOC management is an important economic issue because SOC is critical for food production, but it also provides a regulating service, which can be valued based on the avoided social cost of carbon emissions. Much of the original levels of SOC has been lost to the atmosphere through the original conversion of "native" grasslands and forests to agricultural land, which globally has caused a loss of SOC between 20-60% [12] [13] [14] . North American farmland has lost about half of its original content of SOM [15] . Our study is based on more recent soil inventories, which represent the SOC status after this original loss. We have estimated a monetary value for SOC, based on SC-CO 2 and the avoided emissions/damages that are gained by sequestration of CO 2 from the atmosphere in the contiguous U.S. by soil order, soil depth, land resource region (LRR), state, and region using information from the State Soil Geographic (STATSGO) database. Climate, soil type, and geographic location impact the SOC values for the SC-CO 2 (Figure 4) . The SOC values for the SC-CO 2 are decreasing with the increase in temperature and dryness (Figure 4 ). [11] and a SC-CO 2 of $42 per metric ton of CO 2 . Soil organic carbon values for the SC-CO 2 vary by soil type with Histosols having the highest value and Aridisols having the lowest value, which can be explained by the climate and geographic variation (Figure 4 ). Consequently, this variation impacts the SC-CO 2 values at the administrative levels (e.g., region) with the West (dominated by soil order of Aridisols) having the lowest values. Midwest regions have the highest SC-CO 2 values because they are dominated by Mollisols and presence of Histosols, which have the highest SC-CO 2 values. This biogeophysical variation limits the maximum feasible SOC sequestration potential, which is further impacted by human soil management decisions, and climate change [16] . Because this study is based on numbers reported by Guo et al., 2006 [11] , which cover only the 48 lower states (and not Alaska), Gelisols were negligible. However, climate change scientists are particularly worried about the thawing of permafrost soils in Northern climates because of the very large releases of CO 2 that will result. Hence, in Figure 5 , it will be equivalent to taking a "cold" soil and warming it up to being a "hot" soil. According to Table 8 , increasing global temperatures will lead to increases in all soil respiration rates and decreases in turnover times. Larger changes will likely be observed for soils/vegetation types that are colder and wetter, while smaller changes will likely occur for soils/vegetation types that are now warmer and dryer. Peatlands and permafrost are particularly sensitive to climate change [17] and predicted to have a potential loss of belowground C stocks by 100 Pg each by 2100 due to global warming [18] . Soil organic matter levels can be managed using sustainable soil management (e.g., no-till, etc.), but increasing SOM sequestration in soils will be controlled by numerous factors (Table 9 ). Table 9 . Factors controlling biosphere-pedosphere-atmosphere input-output exchange in relation to soil organic matter (SOM) and soil organic carbon (SOC) (adapted from Davidson and Janssens, 2006 [20] ).
State (Region
Soil organic carbon values for the SC-CO2 vary by soil type with Histosols having the highest value and Aridisols having the lowest value, which can be explained by the climate and geographic variation (Figure 4 ). Consequently, this variation impacts the SC-CO2 values at the administrative levels (e.g., region) with the West (dominated by soil order of Aridisols) having the lowest values. Midwest regions have the highest SC-CO2 values because they are dominated by Mollisols and presence of Histosols, which have the highest SC-CO2 values. This biogeophysical variation limits the maximum feasible SOC sequestration potential, which is further impacted by human soil management decisions, and climate change [16] . Because this study is based on numbers reported by Guo et al., 2006 [11] , which cover only the 48 lower states (and not Alaska), Gelisols were negligible. However, climate change scientists are particularly worried about the thawing of permafrost soils in Northern climates because of the very large releases of CO2 that will result. Hence, in Figure 5 , it will be equivalent to taking a "cold" soil and warming it up to being a "hot" soil. According to Table 8 , increasing global temperatures will lead to increases in all soil respiration rates and decreases in turnover times. Larger changes will likely be observed for soils/vegetation types that are colder and wetter, while smaller changes will likely occur for soils/vegetation types that are now warmer and dryer. Peatlands and permafrost are particularly sensitive to climate change [17] and predicted to have a potential loss of belowground C stocks by 100 Pg each by 2100 due to global warming [18] . Soil organic matter levels can be managed using sustainable soil management (e.g., no-till, etc.), but increasing SOM sequestration in soils will be controlled by numerous factors (Table 9 ). Table 9 . Factors controlling biosphere-pedosphere-atmosphere input-output exchange in relation to soil organic matter (SOM) and soil organic carbon (SOC) (adapted from Davidson and Janssens, 2006 [20] ).
INPUT OUTPUT
Biosphere
Pedosphere Atmosphere
Atmospheric stock (e.g., CO2) Organic matter stock (OM) Soil-based stock (SOM, SOC) Increases of SOM to levels similar to the "native" state is only possible through extra additions of carbon (e.g., plant residue), but much of this carbon will be decomposed and released as CO 2 fluxes over weeks, months, and years with corresponding costs associated with SC-CO 2 emissions ( Figures 5  and 6 ). These values of SC-CO 2 vary by C pools (e.g., labile, recalcitrant) with some forms of recalcitrant C essentially become inert [21] . According to Figure 5 , the contribution of recalcitrant C may have little contribution to CO 2 flux. Getting the carbon very deep in the soil may be the only way to achieve very long-term sequestration of SOM/SOC. The carbon would need to reside in an environment that has little oxygen available to limit aerobic microbial activity/respiration. It would also help if the organic molecules were very large and complex-attributes that make microbial degradation more difficult. The positive implications of assessing the value of SOC based on the SC-CO 2 at different scales and boundaries (e.g., state, region, LRR, etc.) include allocating the appropriate amount of responsibility for externalities generated by SOC for administrative units that possess greater SOC values (Figure 7) . Increases of SOM to levels similar to the "native" state is only possible through extra additions of carbon (e.g., plant residue), but much of this carbon will be decomposed and released as CO2 fluxes over weeks, months, and years with corresponding costs associated with SC-CO2 emissions ( Figure  5 and Figure 6 ). These values of SC-CO2 vary by C pools (e.g., labile, recalcitrant) with some forms of recalcitrant C essentially become inert [21] . According to Figure 5 Getting the carbon very deep in the soil may be the only way to achieve very long-term sequestration of SOM/SOC. The carbon would need to reside in an environment that has little oxygen available to limit aerobic microbial activity/respiration. It would also help if the organic molecules were very large and complex-attributes that make microbial degradation more difficult.
Factors controlling the main inputs and outputs of SOC
The positive implications of assessing the value of SOC based on the SC-CO2 at different scales Soil organic carbon stocks are dynamically changing based on agricultural and other uses. From a market perspective, food production (with internal value) is mostly carried out by private entities (e.g., farmers, etc.), while the benefits/costs of CO 2 sequestration or release from SOC are largely externalities shared by the public [23] . Therefore, the benefits of maintaining or increasing SOC sequestration are given mostly to the public who do not pay for this benefit [23] . Markets for SOC (or SC-CO 2 ) are not self-creating because there is little direct benefit or cost to the farmers for these externalities [23] . Furthermore, these externalities (social costs) are often higher than the marginal cost of farmers [24] . When producers increase carbon sequestration through soil management, they produce a significant public good, but few receive compensation [23] . Individual producers evaluate the benefits of a change in soil management based on on-farm results and may not invest in increasing or maintaining SOC if the cost is higher than their economic benefit [24] . Public investment in SOC level improvement may be warranted because of the critical societal benefits [24] . Policies for SOC management require incentives within administrative boundaries but informed by the geographic distribution of SC-CO 2 [24] . In that way, the most cost-effective management options can be incentivized [23] .
Conclusions
Carbon sequestered in soils as SOM provides regulating ecosystem services (e.g., carbon sequestration and climate regulation), but its monetary value is often not included in economic valuations of ecosystem services. In this study, the regulating services provided by SOC were valued based on the SC-CO 2 in the contiguous United States (U.S.) (with a midpoint valuation of $12.7T) by soil order, depth, state, region, and land resource region (LRR). Soil orders with the highest (midpoint) values for SOC storage were: The total values and area-normalized values of SOC stocks were highly variable due to biogeophysical variation, which limits the maximum feasible SOC sequestration potential. These limits are further impacted by climate change and human soil management decisions. Reported values can be used for allocating the appropriate amount of responsibility for externalities generated by SOC for administrative units that possess greater SOC values. The most cost-effective policies for SOC management need incentives within administrative boundaries but informed by the geographic distribution of SC-CO 2 . Future research should examine the use of detailed direct and remotely sensed carbon data in the valuation of regulating ecosystem services provided by the SOC. 
